The duration of the larval phase of the American lobster influences the distance larvae drift, and thus the potential settlement and recruitment patterns of lobsters to local populations and fisheries. The duration of larval stages is influenced by temperature, with warmer temperatures resulting in faster development and shorter stage duration. The quantitative relationship between temperature and duration of larval stages has been previously investigated, but only for lobsters originating from relatively warm-water regions. We examined the effects of temperature on stage duration for lobster larvae originating from a cold-water region, the northern shore of the Gaspé Peninsula in the northern Gulf of St. Lawrence, Canada. We reared larvae individually using a new experimental apparatus with automated movement of culture containers to facilitate water exchange. We compared observed duration of larval stages for these cold-water source larvae to durations in previous studies that used warmer-water source larvae. We observed 38% shorter development times at the coldest temperature used (10°C) and 47, 50, and 100% longer development times at warmer temperatures (14, 18 and 22°C, respectively) than at the same temperatures in previous studies of warm-water larvae, suggesting potential geographic variation in the functional relationship between temperature and larval development time. Given these results, future research should examine this question in more detail, to enhance understanding of lobster ecology and population dynamics across the species' range.
INTRODUCTION
The American lobster, Homarus americanus (H. Milne Edwards, 1837), sustains important fisheries across Atlantic Canada and the northeastern United States (Wahle et al., 2004) . While adult lobsters are benthic, larvae are planktonic (Factor, 1995) and are expected to drift with ocean currents across distances ca. 20 to 400 km or more (Incze and Naimie, 2000; Xue et al., 2008 ) from hatch to settlement. Consequently, different lobster fishing areas may exchange larvae with one another, and thus depend on one another for their supply of recruits to the fishery (Miller, 1997; Miller et al., 2006) . Lobster larvae develop through planktonic larval stages I, II and III, followed by the transitory postlarval stage IV which settles to the benthos (Factor, 1995) . How long and how far larvae drift before settlement is greatly affected by the duration of the larval phase, as faster-developing larvae spend less time drifting and being advected by currents than slower-developing ones. Development rate determines the duration of individual larval stages and the overall larval phase, and is strongly temperaturedependent, with higher temperatures resulting in shorter total development time (Hadley, 1906; Templeman, 1936; MacKenzie, 1988) . Therefore, understanding the functional relationship between temperature and larval duration is important to estimating larval drift and its implications for lobster fisheries management. It is noteworthy that lobster lar-vae that complete development at a constant temperature have equiproportional development, spending the same proportion of the total larval phase in each larval stage regardless of temperature and its effects on overall larval duration (Mackenzie, 1988) , unless the organisms are stressed, such as if food quality is very low (Hart, 1998) .
Typically female lobsters spawn in late summer or early fall, incubate their embryos over winter, and then hatch their larvae sometime between May and late August, depending on region (Aiken and Waddy, 1986) . The larvae from inshore populations develop in the first 2-3 m of the water column (Hudon et al., 1986; Ennis, 1995; P. Ouellet, unpubl. data) , whereas larvae from offshore populations may be distributed more deeply although most remain well above and do not cross the thermocline (Harding et al., 1987; Boudreau et al., 1992; Ennis, 1995) ; thus, temperature at the sea surface is representative of thermal regimes experienced by lobster during their larval phase. The geographic distribution of the lobster extends from Cape Hatteras, NC (35.25°N latitude) to the Strait of Belle Isle, Labrador (51.73°N) (Lawton and Lavalli, 1995) . Across this range, sea surface temperature varies markedly during the summer, when larvae are released and develop, exceeding 20°C in some areas (e.g., Northumberland Strait) or remaining below 12°C in others (e.g., Newfoundland) (Ouellet et al., 2003) . It is probably advantageous for lobster larvae to develop as quickly as possible, to avoid advection to offshore waters too deep and cold for settlement (Incze and Naimie, 2000) , and potentially also to reduce mortality by predation as has been documented for fish larvae (Anderson, 1988; Robert et al., 2007) . If temperature during development remains low, completion of the larval phase will take more time, and larval survival to settlement may be compromised. In certain locations, parts of Newfoundland for example, lobster larvae must develop and settle at temperatures below 10°C (R. Stanley, Memorial University of Newfoundland, pers. commun.), which some previous laboratory studies concluded to result in very long larval development and low survival (Sastry and Vargo, 1977; MacKenzie, 1988) . Development and duration of lobster larvae has been investigated in many different locations (Fig. 1) , using several different rearing methods. For example, mass-rearing at ambient temperatures was used by Hadley (1906) who reared larvae in scrim bags anchored in harbour at Wickford, RI, USA and Woods Hole, MA, USA, and also by Hughes and Matthiessen (1962) who reared larvae in flow-through hatchery tanks at Oak Bluffs, MA, USA. These approaches have the advantage of being logistically simple, but they do not allow precise tracking of individual larvae, and the results may be influenced by faster-developing larvae cannibalizing slower-developing ones (Sastry and Zeitlin-Hale, 1977) . Plankton sampling in the field was also used to derive es-timates of larval duration under natural conditions (Hudon and Fradette, 1988; Annis et al., 2007) , but this approach may lead to errors resulting from sampling heterogeneous groups of larvae hatched at different times or sites (Gendron and Ouellet, 2009) . Individual rearing in jars at controlled temperatures was used for larvae from the Northumberland Strait and either the Bay of Fundy (Templeman, 1936) or southwest Nova Scotia (MacKenzie, 1988) . Although this approach allows for the most precise estimation of larval duration in relation to temperature or other factors, it is labourintensive, hence limiting the number of larvae that can be raised simultaneously in different conditions.
All of the aforementioned studies were carried out on lobster larvae originating from relatively warm-water regions in Rhode Island, the Gulf of Maine, and the southern Gulf of St. Lawrence (Fig. 1) . No study has yet examined temperature effects on larval duration of lobster larvae originating from a relatively cold-water population. However, local adaptation to temperature regimes resulting in better performance of larvae during development when raised at native versus non-native temperatures has been demonstrated in common-garden experiments with other decapod crustaceans (Sarver et al., 1979; Walther et al., 2010) , and may also exist in the lobster. Knowledge of geographic differences in the functional relationship between larval development time and temperature could be extremely important for estimating large-scale settlement and potential spatial connectivity patterns of lobster from larval drift models such as those developed by Chassé and Miller (2010) for the southern Gulf of St. Lawrence and Incze et al. (2010) for the Gulf of Maine. Such models have thus far used a temperaturedependent larval development function based on the results of the study by MacKenzie (1988) , which involved larvae from warm-water sources. However, it is possible that the functional relationship between temperature and development time of larvae from cold-water sources differs from that predicted by this function, in which case a different one would be required to model larval drift in colder regions, such as the northern Gulf of St. Lawrence.
As a first step in the investigation of potential region-or population-specific thermal effects on lobster larval duration, we reared larvae obtained from females caught near Gaspé in the northern Gulf of St. Lawrence (Fig. 1 ). This is a cold-water region, in which summer sea surface temperatures may be as low as 8°C in June and late September and do not usually exceed 15°C in August . We built an experimental apparatus that enabled individual-rearing of a great number of larvae (initially 360-420 larvae per temperature) at controlled water temperatures of 10, 14, 18 and 22°C, which covered most of the range of temperatures experienced by lobster larvae in nature and used in previous experimental studies of lobster larval development. We quantified individual larval stage duration at each temperature, and after assessing the performance of the new rearing apparatus, we compared our observed development times of cold-water lobster larvae to those reported at the same temperatures in the influential study by MacKenzie (1988) and other studies of larvae from warm-water sources.
MATERIALS AND METHODS

Sources of Eggs and Larvae
Ovigerous female American lobsters from the north shore of the Gaspé Peninsula (Fig. 1) , Quebec, Canada, were obtained from fishermen in June 2011. Females were housed at the Maurice Lamontagne Institute in individual crates within large basins connected to a semi-open seawater system (full renewal of water every 6-7 h). Custom-made cooling/heating units maintained water temperature in the basins at 12°C, near temperatures that females would experience naturally in Gaspé in late spring and early summer (Stasko, 1980; Galbraith et al., 2011) . The Perkins (1972) eye index of a sample of embryos from each female was measured at collection using a measuring grid in the eyepiece of a dissection microscope, and mean values per female ranged from 0.311 to 0.374 mm (mean ± SD = 0.354 ± 0.028 mm). Larvae began to hatch after females had been housed in these basins for three weeks. Larvae from seven females with carapace lengths (CL) ranging from 81.1 to 144.9 mm (mean ± SD = 114.6 ± 23.8 mm) were used in the rearing experiment. Females were checked daily and all newly-hatched (stage I) larvae not used in the rearing experiment from each female were preserved in 4% formaldehyde for subsequent measurement of larval CL at emergence. CL was measured in straight line from the posterior margin of the eye orbit to the posterior margin of the cephalothorax: adult lobsters were measured (±0.1 mm) with calipers and larval lobsters were measured (±0.01 mm) under a dissecting microscope (40× magnification) using a measuring grid in the eyepiece.
Individual Rearing
We designed and built a new experimental apparatus for individual rearing of lobster larvae. The basic unit of the setup was a rearing container (lobster "condominium") that contained 30 cells of 216 cm 3 each for rearing larvae individually ( Fig. 2A) . The condominium's walls and cell dividers were constructed from PVC, and its faces were covered with 1 mm plastic mesh. Twelve condominiums were hung vertically beneath an aluminium frame, 18 cm apart in staggered rows, with one condominium per row. Each condominium and one of its covers were removable to facilitate observation and feeding of larvae. The aluminium frame was mounted on rollers made of PVC piping on the top of a large (2235 litre) flow-through tank, and was attached to an electric motor ( Fig. 2B and 2C ) that caused the frame and the attached condominiums to move back and forth every 10 s at a speed of 4.3 cm s −1 . The purpose of this movement was to automatically refresh the water within each larva's cell, replenishing oxygen and flushing away larval wastes.
Sixty larvae (in two condominiums) from the first sufficiently large hatch ( 240 larvae) of each of 6 females were reared individually at constant target temperatures of 10, 14, 18 and 22°C. Condominiums were randomly distributed within rearing tanks (one for each temperature) connected to the semi-open seawater system and a cooling/heating unit (described above) designed to maintain water temperatures at a set value. To confirm that temperatures were controlled as intended, a VEMCO Minilog submersible temperature data logger was placed in each tank and recorded temperature every 30 min. Realized mean temperature (1-99 percentiles in parentheses) in each tank was 10.2°C (10.1-10.3°C), 14.4°C (12.0-15.2°C), 17.5°C (17.0-18.3°C) and 22.2°C (22.1-23.7°C). To increase sample size, and because time and space were available due to asynchronous hatching and rapid larval development at warmer temperatures, larvae from an additional seventh female were placed in two condominiums in the 18 and 22°C tanks. Therefore, there were a total of 360 larvae at 10 and 14°C, and 420 larvae at 18 and 22°C. Photoperiod in the rearing facility followed the natural day/night cycle for the season and latitude from which lobsters originated.
During the first week (16 July 2011) of the rearing experiment, backand-forth movement of the frame and condominiums occurred continuously, but due to high mortality of the first larvae to moult from stage I to II, seemingly from injuries caused by continuous movement during or after moulting, these procedures were changed. A Woods TM1702 outdoor mechanical timer (Woods Industries Inc., Canada) was attached to motors to maintain a periodic movement cycle, in which the frame and condominiums moved at the same speed as before but only for 15 min every 2 h. Due to asynchronous hatching, larvae from four of the seven females used experienced the initial continuous movement regime, while larvae from the remaining three females experienced the intermittent movement only. The survival and development of larvae from these two groups of females were compared to assess the impact of this procedural modification from continuous to intermittent movement. Fig. 2 . Schematic of the apparatus used to rear individual American lobster larvae, with controlled temperature and automated water exchange. A. Detail of individual condominium, as viewed from one of its faces, with the mesh cover omitted. Thirty larvae per condominium could be reared in individual cells of 216 cm 3 (6 cm × 6 cm × 6 cm). B. Photo of the rearing setup, as viewed from behind the electric motor. C. The setup as viewed from above. Condominiums hung vertically from the moving frame, which periodically moved back-and-forth to exchange water within each cell. Four such units were used, one for each temperature treatment.
Condominiums were detached once every day from the frame of the apparatus, after interrupting its movement or between intermittent movements, and placed on a tray partially immersed within the tank water to feed and examine the larvae. Larvae were fed with frozen adult Artemia, either Sally's Frozen Brine Shrimp (San Francisco Bay Brand) or BioPure Brine Shrimp (Hikari Sales USA). Larvae were fed to slight excess to avoid potential biases due to uneven satiation levels, with specific feeding regimens for each temperature and larval stage based on preliminary feeding trials. Therefore, larvae at 10 and 14°C were given 3-4 Artemia per day until they reached stage III, at which point their ration was increased to 7-8 Artemia per day. Larvae at 18 and 22°C were fed 7-8 Artemia per day at stages I and II, and were then fed 10-12 Artemia per day at stage III. During daily checks, excess food from the previous day was removed and moulting events or deaths of larvae were noted. The stage of each larva was determined on a daily basis using distinctive anatomical features. Specifically, presence of pleopods was used to distinguish stage II from stage I larvae, and presence of uropods was used to distinguish stage III from stage II larvae (Charmantier et al., 1991) . Sometimes it was difficult to distinguish these small structures without disturbing or risking harm to larvae, resulting in a few instances where larvae were mistakenly identified as the incorrect stage. However, in the vast majority of instances (see below) daily assessments allowed accurate determination of larval stages and their duration (in days).
Larvae were left in their cells until dead or moulted to stage IV (postlarva). All larvae that reached stage IV were removed and preserved in 4% formaldehyde, and their CL was measured as described above for comparison to growth in previous studies. Stage-specific survival was determined for each condominium as the number of larvae surviving to the start of a stage divided by the number of larvae alive at the start of the previous stage. We did not observe duration of postlarval stage IV due to time limitations, and also because the duration of stage IV in the plankton is highly variable and influenced by substrate preferences and availability (Botero and Atema, 1982) .
Analyses
We first examined larval stage duration values for potential outliers (Tukey, 1977) , likely representing cases of mistaken stage determination, which resulted in 0.8% of initial observations being removed, A one-way ANOVA was used to compare larval survival (per female) from hatch to stage IV among temperature treatments, where the value for each female (n = 6-7) was the arcsine-transformed mean percent survival of her two condominiums. A one-way ANOVA was also used to compare the time from hatch to stage IV among temperature treatments, where each datum was the mean value for each female's larvae. Post-hoc multiple comparisons were made using Tukey's HSD test. Female CL was not used as a covariate in these analyses as it was not significantly correlated with larval duration or survival at any temperature (p 0.27). Statistical analyses were carried out using PASW 18 (SPSS, 2010) . All data passed Cochran's test of homogeneity of variances and the Kolmogorov-Smirnov test of normality of residuals.
Non-linear regression analysis was used to derive equations relating larval stage durations to temperature. Analyses were carried out separately for each of the three larval stages (I, II and III). The dependent variable was the mean stage duration for each female's larvae. Regressions were carried out using several different equations commonly used to relate development rate, or time, to temperature (Heip, 1974; Guerrero et al., 1994) , but the best fit for the data for all three larval stages was obtained using a second-order polynomial equation (as in Incze et al., 2010) of the form D = aT 2 − bT + c, in which D is stage duration in days, T is temperature in°C, and a, b and c are fitted constants. Data met the assumptions of parametric regression, including normality of residuals and homogeneity of error variances.
To assess potential effects on larvae of the change from continuous to intermittent movement regime of the condominiums, we conducted separate one-way ANCOVAs for each larval stage, in which movement regime was a fixed factor, log 10 -transformed temperature was a covariate, and dependent variables were mean duration of larval stages per female or arcsine-transformed mean stage-specific survival per female. Also, to ensure that stage duration of surviving larvae represented a random sample of stage duration of all larvae (i.e., to ensure that not only the faster-or slower-developing larvae survived to stage IV), we used a paired-samples t-test to compare mean durations of stages I and II at each temperature for larvae that died during stages II or III, respectively, to the duration of those same stages for larvae that survived to stage IV.
In order to check for potential artefacts of the individual-rearing setup on other aspects of larval biology not directly related to development time, such as abnormal moulting cycles or inhibited growth, we tested for equiproportional development of our larvae and compared their size to the size of larvae in MacKenzie (1985, 1988) . First, to check for abnormal development we estimated the proportion of time spent by larvae in each stage (I, II and III) out of the total time from hatch to stage IV, and tested whether these estimates were consistent with equiproportional development. Proportions for each larval stage were calculated for individual larvae that successfully completed stage III (n = 72). Proportion estimates for each stage were arcsine-transformed, tested for temperature-independence with one-way ANOVAs, and then compared with values reported by MacKenzie (1988) using an independent-samples ttest. As a second test of potential effects of the individual-rearing apparatus, we checked for inhibited larval growth by comparing stage I and stage IV CLs to values reported in MacKenzie (1985) with independent-samples ttests.
To test whether the development of the cold-water source larvae we used was differently affected by temperature than that of larvae from warmwater sources, we performed statistical comparisons between observed stage duration and survival at each temperature to the results of MacKenzie (1988) , which is the most comprehensive study of warm-water larvae to date. We summarized our data in the same way as this author had done to facilitate comparisons. For stage duration, values from individual larvae were used; the larvae came from 5 females in the previous study and 7 females in ours. We used separate independent-samples t-tests, with corrected degrees of freedom for unequal variances, to compare stage durations (days) between the two studies for each larval stage (I, II and III) and temperature treatment used in both studies (10, 14, 18 and 22°C) . The mean of stage-specific survival of larvae by female was similarly compared between the two studies using independent-samples t-tests for each larval stage and temperature. Finally, we also visually compared the combined duration of larval stages I, II and III from our study to values reported in all published studies.
RESULTS
Effect of Temperature on Survival and Development of
Larvae from Gaspé Survival of larvae was generally higher through stage I than through stages II and III, and higher through stage II than through stage III (Fig. 3) . The majority, 59.2%, of deaths occurred during the intermoult periods (14.2% in stage I, 20.8% in stage II, and 24.2% in stage III), while 40.8% occurred during the moulting process (28.5%, 8.8% and 3.5% at the first, second and third moult, respectively). Mean larval survival per female from hatch to stage IV was highest at 22°C (mean ± SD = 12.1 ± 17.1%), and lower at 10°C (1.0 ± 1.4%), 14°C (3.9 ± 3.6%) and 18°C (2.6 ± 4.4%), but the differences among temperatures were not significant (F 3,22 = 1.97, p = 0.149). The duration of larval stages I, II, and III was negatively correlated with temperature between 10 and 22°C (Fig. 4) . Mean time from hatch to stage IV of larvae in this study (shown in Fig. 5 ) was significantly affected by temperature (F 3,22 = 12.77, p = 0.001), with larvae at 10 and 14°C taking significantly longer to reach stage IV than those at 18 and 22°C (Tukey's HSD test, p 0.002); differences between 10 and 14°C, and between 18 and 22°C, were non-significant.
Tests of Potential Biases Caused by the New Rearing
Apparatus Survival through all larval stages was higher for larvae that did not experience the initial continuous movement regime relative to larvae that did (stage I: F 1,23 = 8.38, p = 0.008; stage II: F 1,23 = 33.30, p < 0.001; stage III: F 1,23 = 5.06, p = 0.034). The mean ± SD relative increase in survival Fig. 3 . Stage-specific survival of American lobster larvae reared at different constant target temperatures. Values are mean ± 95% confidence interval of percent survival per female through larval stages I, II, and III in this study (full black circles; n = 6 females at 10 and 14°C, n = 7 at 18 and 22°C) and a previous study by MacKenzie (1988) (open squares; n = 5 females per temperature). Asterisks indicate significant differences in survival between the two studies at a given temperature (independent samples t-tests, * p 0.05, * * p 0.01, * * * p 0.001).
related to the change in condominium movement regime, calculated across all temperatures, was 22.7 ± 32.3% for stage I, 80.5 ± 10.9% for stage II, and 42.8 ± 80.2% for stage III larvae. However, duration of larval stages did not differ between larvae that experienced the initial continuous movement regime and those that did not (stage I: F 1,23 = 0.22, p = 0.65; stage II: F 1,23 = 2.65, p = 0.12; stage III: F 1,23 = 0.14, p = 0.72). Importantly, at all temperatures the duration of larval stage I (t 3 = 1.06, p = 0.368) and stage II (t 3 = −1.63, p = 0.201) did not differ significantly between larvae that survived to stage IV and those that did not. Furthermore, temperature did not affect the proportion of time spent in each larval stage (stage I: F 3,68 = 1.17, p = 0.33; stage II: F 3,68 = 1.13, p = 0.34; stage III: F 3,68 = 1.27, p = 0.29) and proportions were consistent with those previously observed for lobster ( Table 1 ), meaning that development of larvae in this study was equiproportional. Finally, growth of larvae in this study was not inhibited relative to that of larvae reared in jars by MacKenzie (1985) : initial size of larvae did not differ between the two studies (mean CL of stage I: 1.93 ± 0.07 mm vs. 1.86 ± 0.14 mm, respectively; t 6.7 = −1.2, p = 0.289) whereas stage IV larvae in this study (CL = 4.88 ± 0.71 mm) were actually significantly (t 80.7 = −10.2, p < 0.001) larger than those in that previous study (CL = 4.00 ± 0.38 mm). Values are mean durations ± 95% confidence intervals of individual larvae, from a coldwater source in this study (full black circles) and from a warm-water source in a previous study by MacKenzie (1988) (open squares). Asterisks indicate significant differences in development time between the two studies at a given temperature (independent samples t-tests, * p 0.05, * * p 0.01, * * * p 0.001). Best-fit lines are plotted for both studies, and regression equations relating stage duration (D) to rearing temperature (T) for larvae in this study are also provided. Regressions were performed using mean duration values per female, and all were highly significant (p < 0.001).
Comparison of Survival and Development of Gaspé Larvae to Published Studies
Stage-specific survival was significantly lower than observed by MacKenzie (1988) through stage I at 10 and 14°C (but not at 18 and 22°C), through stage II at 14, 18 and 22°C (but not at 10°C), and through stage III at all four temperatures (Fig. 3) . We also observed significantly different stage durations at all temperatures and larval stages from those reported in that previous study (Fig. 4) , with the exception of stage III at 10°C, where survival, and thus sample size, was very low. Overall, larval development from hatch to stage IV at the coldest temperature used (10°C) was faster (about 21 days, or 38% faster) in this study than in MacKenzie (1988) , while at the warmer temperatures larval development was slower in this study than in MacKenzie's (10 days or 47% slower at 14°C; 7 days or 50% slower at 18°C; 10 days or 100% slower at 22°C) (Fig. 5) . At 10 and 22°C 95% confidence intervals of larval development time from hatch to stage IV in this study did not overlap with confidence intervals of MacKenzie (1988) or mean values from other published studies (Fig. 5) , indicating that development of larvae from Gaspé at these temperatures was markedly and significantly different from that of larvae from warmer-water sources in previous studies (Fig. 5) . At 14 and 18°C larval development time also differed significantly between this study and published studies of warm-water larvae, although the differences were not as pronounced. The majority of mean temperature-specific development times from other published studies fell within the 95% confidence intervals of the results of MacKenzie (1988) , with the exception of Annis et al. (2007) and Hughes and Matthiessen's (1962) colder ( 18°C) treatments (Fig. 5) . DISCUSSION We investigated the possibility that geographic variation exists in the magnitude of the effect of temperature on the development rate of American lobster larvae by individually rearing larvae from a more northern and cold-water population than had been used in past studies. A variety of rearing approaches have been used to investigate effects of temperature on lobster larval development, including mass- Table 1 . Proportions of the duration of the total larval phase (hatch to stage IV) taken up by stages I, II, and III. Proportions were determined for individual larvae, and are presented as mean percentages ± SD both for this study (n = 72) and MacKenzie (1988) (n = 348). Independentsamples t-test results are reported for arcsine-transformed stage-specific proportions in this study minus values reported in the previous study, with degrees of freedom (subscripts) adjusted for uneven sample sizes. P-values reported for t-tests are two-tailed, and all are non-significant, meaning that proportions agreed well between the two studies.
Stage % of time to stage IV Difference
This study MacKenzie (1988) I 26.1 ± 9.4 26.2 ± 1.3 t 71.7 = 0.054, p = 0.96 II 32.6 ± 7.3 30.9 ± 4.9 t 82.1 = −1.2, p = 0.25 III 41.2 ± 8.3 42.9 ± 7.0 t 94.1 = 1.7, p = 0.093 rearing at uncontrolled (or ambient) temperatures, individual rearing in temperature-controlled jars and in situ plankton sampling (see Introduction for detailed descriptions). Even though they involve very different rearing methods, previous published studies all focused on larvae from relatively warm waters and their results were remarkably similar except in two cases. The first exception is the mass-rearing laboratory estimates obtained by Hughes and Matthiessen (1962) for larvae from Massachusetts, which developed more slowly than those in Mackenzie (1988) at temperatures below 18°C. However, the authors indicate this may have been due to relatively low sample sizes and greater temperature variability for hatchery tanks maintained at these lower mean temperatures, and we thus do not consider this exception further. The second and more substantial exception is the field estimates of larval development from Annis et al. (2007) , which were partially based on a model that adjusted predictions based on MacKenzie (1988) to fit field observations, and resulted in development times less than half as long as those in other studies for the same mean temperatures. These authors argued that their results were consistent with Juinio and Cobb's (1994) finding that maximum growth rate, measured in mg protein day −1 , was twice as high in wild as in reared postlarvae. However, Juinio and Cobb (1994) did not provide evidence that development time was inversely related to the rate of protein synthesis, and in fact they concluded that variability in protein synthesis may influence survival and size-at-instar but has little or no incidence on development rate. Indeed, growth (tissue accumulation) and development (moulting) are different biological processes with largely independent responses to temperature (Forster et al., 2011) . Field studies of larval development such as that of Annis et al. (2007) are subject to several potential sources of error, including advection of larvae and asynchronous hatching, which can result in sampling heterogeneous groups of larvae hatched at different times or at different sites (Gendron and Ouellet, 2009) . We feel that these issues were not sufficiently dealt with for the conclusion of faster development in the field to be supported. Ennis (1995) also suggested that larval development rate is faster in the field than in the laboratory based on a visual comparison of data from MacKenzie (1988) and Hudon and Fradette (1988) , an inference repeated by Phillips et al. (2006) . However, this inference was not supported by our comparison of published development rates; rather, we found that larval development times from the field study of Hudon and Fradette (1988) were much more similar to those from lab studies, including MacKenzie (1988) , than to the much shorter field estimates of Annis et al. (2007) . One possible explanation for these contrasting field-based estimates of larval development could be that Hudon and Fradette (1988) 's study was conducted within an isolated archipelago, where the problem of advection and mixing of heterogeneous larval groups is perhaps not so acute.
For this study we developed a new rearing apparatus with automated water exchange to save time and allow large numbers of larvae (initial total sample size of 1560 larvae, more than double MacKenzie (1988)'s initial total sample size of 725) to be raised and individually tracked at different controlled temperatures. Survival of larvae in our rearing apparatus through stage I was relatively high (62-84% in different condominiums) and generally similar to MacKenzie (1988) . We did, however, obtain lower survival through stages II (26-73%) and III (1-40%), which may suggest that the setup was not ideal for rearing later-stage larvae. Perhaps the small size of individual cells combined with condominium movement was harmful to newly-moulted and larger stage II and III larvae. Importantly, when we modified the rearing procedure by reducing the amount of movement larvae experienced, we saw improved survival, but did not see a change in duration of larval stages, suggesting that development rate estimates were not biased by the rearing apparatus even for the later stages. Also, we fed our larvae with normal frozen adult Artemia, but using an enriched food source may have lead to higher survival (Fiore and Tlusty, 2005) . However, the facts that larvae in our study showed equiproportional development as well as greater growth from hatch to stage IV relative to prior lab studies, suggest that food quality may not have impeded their growth and moulting.
In our study, larvae developed through stages I, II, and III faster at higher than lower temperatures, but the effect of temperature on larval development was markedly less pronounced than in earlier studies (Hadley, 1906; Templeman, 1936; Hughes and Matthiessen, 1962; Hudon and Fradette, 1988; MacKenzie, 1988) . Most interestingly, we observed larval duration from hatch to stage IV to be approximately 38% shorter at 10°C, 50% longer at 14 and 18°C, and 100% longer at 22°C than at the same temperatures in those previous studies. One possible explanation for these differences is that our larvae came from a cold-water region, the tip of the Gaspé Peninsula in the northern Gulf of St. Lawrence, while larvae in previous studies came from warm-water regions in the Gulf of Maine and southern Gulf of St. Lawrence. In most parts of these warmer areas, sea surface temperatures rise above 16°C as early as mid-June, peak between 20 and 25°C by mid-August, and remain above 15°C until sometime in October (Ouellet et al., 2003; Galbraith et al., 2011) . Larvae from these regions may thus be adapted to warm waters, as they are very likely to experience temperatures of 22°C or higher and unlikely to experience waters as cold as 10°C during development. Water temperatures in the northern Gulf of St. Lawrence when lobster larvae are developing in the plankton are relatively low, rarely exceeding a brief maximum of 15°C in early August, and decreasing to 10°C or lower through the remainder of the summer and early fall (Ouellet et al., 2003; Galbraith et al., 2011) . Larvae in the northern Gulf of St. Lawrence are therefore likely to experience 10°C or colder waters at some point during their development, but very unlikely to experience waters warmer than 15°C. Selection on lobster may have led to local adaptation for more rapid larval development in colder environments, as observed by Anger et al. (2003) for the subantarctic crab Paralomis granulosa (Hombron and Jacquinot, 1846) . Such selection for more rapid development at cold temperatures may, however, have come at the cost of reduced ability for rapid development in warmer water. For example, spider crab (Hyas araneus L. 1758) larvae from different latitudes have been shown to respond differently to temperature, with later-stage larvae from higher (colder) lat-itudes developing more quickly at lower temperatures, but more slowly at higher temperatures, than those from lower (warmer) latitudes (Walther et al., 2010) . Tagging studies suggest that adult lobsters in the Gulf of St. Lawrence do not undergo long-distance migrations, in most cases travelling < 15 km along the coast within one year (Stasko, 1980) . Further, the presence of a cold-intermediate layer in this region, with temperatures near or below 0°C throughout the year (Cyr et al., 2011) , may prevent adult lobsters from crossing the deeper regions of the Gulf. Limited movement of adults in the northern Gulf of St. Lawrence could therefore necessitate adaptations to local thermal regimes in adult and larval lobsters. It is thus possible that Gaspé larvae are better adapted to colder-water conditions than larvae from the Gulf of Maine and southern Gulf of St. Lawrence, while larvae within these two other regions are better adapted to warmerwater conditions.
We have argued that differences in duration of larval stages between our study and previous ones likely reflect natural variation among source populations, perhaps as a result of local thermal adaptation, and we do not, for a number of reasons, believe that they result from different experimental procedures. First, though survival to stage IV was lower in our study than in MacKenzie (1988) , there was no indication that this affected development rate. For example, duration of larval stages did not differ significantly between larvae that survived to stage IV and those that died during an earlier stage, indicating that our stage IV larvae represented a random sample of our initial stage I larvae, at least in terms of stage duration. Similarly, the contrasting effect of temperature on larval development rate we observed compared to published results was also observed when we limited the analysis to stage I larvae, for which survival was high and comparable to that obtained in previous studies (MacKenzie, 1988) . Furthermore, whereas larval mortality was greater with continuous than with intermittent movement of condominiums, stage duration was unaffected by this procedural change, suggesting again that mortality did not bias development rate estimates. Second, the proportion of the larval phase spent in each stage, which should not differ within a species with equiproportional development unless conditions are stressful (e.g., low food quality: Hart, 1998) , agreed with the results of MacKenzie (1988) . Third, though stage I CL at emergence was similar to that of larvae raised by MacKenzie (1985) , the CL of larvae at stage IV was slightly greater than reported in that study, and was similar to that reported in other published laboratory and field studies (for example, Templeman, 1948; Ouellet and Allard, 2002) , suggesting that growth of larvae was not inhibited in our experiment. Finally and as already discussed, the development rates estimated in the majority of published laboratory studies are very similar, even though they were derived using markedly different rearing procedures, suggesting that effects of rearing method on larval duration may be small.
If the differences we observed from previous larval development studies do represent adaptation to thermal regimes experienced by larvae, this has implications for the use of bio-physical larval drift models in support of fisheries management. These models have thus far relied on larval development times predicted by equations in MacKenzie (1988) , with predicted values used directly (Chassé and Miller, 2010) or adjusted according to the results of Annis et al. (2007) to account for assumed faster in situ development (Incze et al., 2010) . However, if larval development in some regions takes more or less time than these equations predict, then the time and distances larvae drift could in fact be under-or overestimated, leading to predicted settlement patterns much different from what actually occurs in nature. For example, larval duration at 10°C predicted by the equations of MacKenzie (1988) would be nearly 20 days longer than what we observed for Gaspé larvae, while larval duration at 22°C predicted by MacKenzie would be more than 8 days shorter than our observations. Our results indicate that such geographic variation in larval duration may occur, and thus should be investigated in more detail.
To summarize, we used a new experimental apparatus that allowed us to individually rear a large number of lobster larvae and track individual stage durations at different temperatures. We raised larvae from a cold-water source, and observed development times that were shorter at cold temperatures and longer at warm temperatures than at the same temperatures in previous studies with lobster larvae from warmer-water sources. Though the new rearing apparatus is still in development and may not have been optimal for survival of later-stage larvae, it seems unlikely that this affected our main inferences pertaining to larval development. Our study suggests that temperature effects on development rate of lobster larvae may vary geographically, which could markedly affect larval dispersal and population dynamics. Future research should further test this hypothesis. 
